SUMMARY A consecutive series of 56 patients with chest pain but no evidence of previous myocardial infarction was prospectively studied by radionuclide ventriculography to determine the value of global and regional radionucide indices in detecting coronary artery disease. The results were correlated with the clinical judgment of chest pain, the results of the exercise electrocardiogram, and the right heart haemodynamic measurements during exercise. As a result of the criteria for entry, the study group was representative of the population seen in such a clinical setting. Only 25% of patients had coronary artery disease. The predictive power of radionuclide ventriculography was limited. The conventionally used criterion that normal subjects have an increase in left ventricular ejection fraction of at least 5% with exercise provided only 78% sensitivity and 57% specificity. Fourier analysis and visual interpretation of radionuclide studies wrongly diagnosed three out of 10 patients with extensive disease requiring surgery.
The recent development of radionuclide ventriculography offers a non-invasive method of assessing global and regional left ventricular function. Early studies'3 suggested that this method might be an almost perfect screening procedure for coronary artery disease, while recent reports have raised serious doubts.47 Controversy continues to exist concerning the reliability of radionuclide ventriculography as a test for coronary artery disease before coronary angiography. Some previous studies are of limited value in this regard, because patients with a history of myocardial infarction were included, medications were not withdrawn before exercise stress testing, or Wieshammer, Delagardelle, Sigel, Henze, Kress, Biter, Lippert, Seibold, Adam, Stauch which their referring doctor considered might suggest coronary artery disease. Patient selection was prospective and based on the history, physical examination, resting electrocardiogram, pulmonary function test, and chest radiograph. With the exceptions noted below, the series included all patients referred between 1 September 1982 and 30 June 1983 who met the following criteria: age 30-65 years; no evidence of previous myocardial infarction defined as a hospital diagnosis of infarction or the presence of significant Q waves on the resting electrocardiogram; no evidence of congestive heart failure or valvar heart disease; no arterial hypertension; normal standard chest radiographs; regular sinus rhythm; stable angina allowing the withdrawal of all medications except for short acting nitrates one week before exercise stress testing; normal routine pulmonary function test; and no previous coronary angiography or bypass graft surgery. Exercise stress testing and coronary angiography were carried out within two months (35 (19) days) of each other without an episode or change in the resting electrocardiogram suggesting an intervening coronary event. Informed written consent was obtained.
CLINICAL CLASSIFICATION OF CHEST PAIN
Patients were classified on the basis of their presenting symptoms at the time of admission before exercise testing8 as having (a) typical angina if substernal chest discomfort precipitated by exercise and relieved by rest or glyceryl trinitrate within 10 minutes was present; (b) atypical angina if only two of the above features were present; or (c) non-anginal chest pain if only one or none of the above features was present.
RADIONUCLIDE AND HAEMODYNAMIC DATA ACQUISITION
Patients were instructed to stop taking all medications one week before the study. They were allowed to take only sublingual glyceryl trimitrate as necessary up until six hours before stress testing. They were familiar with supine bicycle exercise testing from a previous practice run.9 Two hours before the radionuclide study supine exercise was carried out with an electrically braked bicycle ergometer to determine the maximum workload. The initial workload was 25 In the nuclear imaging laboratory a flow guided open ended catheter (Flexo-Pulmocath (Grandjean), Intra Co, Saarbruecken, West Germany) was inserted into an antecubital vein and advanced into the pulmonary artery. Its position was verified by continuous pressure monitoring. Pressures were measured with a P23 Statham strain gauge from a reference level 5 cm below the sternal angle. They were averaged over 10 cardiac cycles at rest and during the fourth minute of the maximum workload. Electrocardiogram gated blood pool imaging of the heart was performed after in vivo labelling of red blood cells with 20 mCi (740 MBq) of technetium-99m. Patients were imaged in the left anterior oblique position which provided optimal ventricular separation on the storage oscilloscope. The scintillation camera was tilted to an angle of 15°caudally. This standard scintillation camera (LEM Scintillation Camera, Siemens Inc, Munich, West Germany) was equipped with a high sensitivity all purpose parallel hole collimator interfaced to a dedicated medical computer system (Digital Equipment Corporation, Maynard, Mass, USA). The image data were acquired in frame mode with 32 frames spanning the cardiac cycle. They were formatted into a 32x32 matrix. The pixel area was 6x6 mm2. On completion of the resting study supine bicycle exercise was carried out as described above.
Patient movement was minimised by the use of handgrips, shoulder restraints, and foam wedges. When the previously determined maximum workload was reached the patient was asked to continue exercising. Imaging started two minutes after the maximum workload was begun to ensure a relative steady state and continued until approximately 100 000 counts per frame were obtained (2-3 minutes). The occurrence of exercise induced pain suggesting angina was noted. LEFT LVEF, left ventricular ejection fraction; PA(+), predictive accuracy of a positive result; PA(-), predictive accuracy of a negative result.
limit of normal during exercise in healthy men aged 61-83 years,'4 has been used in this laboratory to discriminate between positive and negative test responses. In this study this threshold value was diagnostically more accurate than a level of 20 mm Hg. Forty one per cent of the subjects with normal angiograms had pressures exceeding the normal range.
ELECTROCARDIOGRAPHY
The electrocardiogram was non-diagnostic in four patients, none of whom had coronary artery disease.
Ten subjects failed to achieve at least 85% of their age related maximum heart rates without showing a significant ST depression and thus had unreliable though negative electrocardiograms. One of them was referred for coronary artery bypass surgery. 
CLINICAL ASSESSMENT OF CHEST PAIN
The predictive accuracy of the clinical assessment of chest pain compared favourably with that provided by non-invasive testing (Table 3) . Typical angina, used as a separate criterion, yielded 71% sensitivity and 78% specificity. Although exertional chest pain was a feature of the history in most patients only 14% of those without but 78% of those with coronary artery disease had chest pain suggesting angina during exercise stress testing. The values for the standard deviation of phases, which are shown in Table 2 , showed a tendency to increase with exercise in the group with normal angiograms (p<005). The Radionuclide ventriculography in coronary artewry disease amplitude minus two standard deviations. An abnormal left ventricular amplitude distribution was considered to be present if at least one myocardial segment showed an amplitude below this threshold level. The presence of an abnormal amplitude pattern during exercise proved to be more sensitive (57% vs 43%) but less specific (89% vs 95%) for coronary artery disease than an abnormal phase distribution. If an abnormal phase distribution or at least one abnormal segmental Fourier amplitude is regarded as indicating coronary artery disease the specificity is reduced to 84% and the sensitivity increased to 64% (Table 3) . No significant additional diagnostic accuracy was obtained with the Fourier analysis compared with the visual interpretation by two experienced observers. The last approach yielded a fairly high specificity (95%) but proved to be insensitive (57%) in detecting coronary artery disease. The diagnostic accuracy of the conventionally used criterion that normal subjects have a >e5% increase in left ventricular ejection fraction during exercise was almost identical to that of the evaluation of right heart haemodynamics during exercise.
SEX DIFFERENCES
Only two women had coronary artery disease. In the remaining 13 women the haemodynamic and radionuclide responses to exercise were not significantly different from those of the men with normal coronary angiograms.
Discussion
The results of this study reflect wide variations in the left ventricular ejection fraction during exercise in patients with coronary artery disease. This fact, which confirms the findings of Gibbons et al,5 should not be surprising since a multitude of factors will interrelate to determine this complex variable. The resulting poor predictive power of the ejection fraction response to exercise indicates that the assessment of global left ventricular function cannot be relied on to predict the presence of coronary artery disease with acceptable accuracy. The Fourier analysis, as introduced by Geffers et al,' offers a means of objectively evaluating the regions of dyskinesia, which are considered to be a distinguishing feature of coronary artery disease.'6 17 The left ventricular phase distribution with exercise was recently suggested to be a highly sensitive and specific marker of regional myocardial ischaemia that was slightly superior to the visual interpretation of regional wall motion. " I In this study, however, Fourier analysis as well as visual interpretation failed to detect coronary artery disease in three out of 10 patients who were referred for coronary artery bypass surgery on the basis of their angiographic findings. Two of these subjects were artery pressure response to exercise but failed to achieve 85% of the maximum predicted heart rate owing to severe angina without showing significant ST segment depression. Thus radionuclide ventriculography falls short of the demands for sensitivity that a screening test for coronary artery disease should satisfy. This finding requires careful scrutiny since it is at variance with a large number of previous reports. [1] [2] [3] In our study exercise was performed supine. It is well known that there are important physiological differences in the results of supine and upright exercise tests. Upright and supine radionuclide studies are, however, equally effective in detecting coronary artery disease.'8 '9 Patients were encouraged to exercise to a maximum. Patient movement and gating artefacts at maximum workload may produce less accurate radionuclide measurements. For optimum sensitivity, however, exercise stress testing must be carried out to maximum effort. A submaximal test may miss up to 500/o of the ischaemic responses that could be elicited by performing the test to maximum effort. 20 The radionuclide studies were technically adequate in all patients included in the final analysis. Previous reports indicate that a standardised exercise protocol for radionuclide ventriculography does not exist. To prevent non-cardiac symptoms such as muscle weakness or internal heat burden from terminating exercise we used an exercise protocol with stages of only one minute in duration. A similar protocol was used by Christopher et al.2' We conclude that a relative circulatory steady state did exist during radionucide data acquisition at maximum workload since no significant change occurred in heart rate, blood pressure, or pulmonary artery pressure from the start of image collection until its end.
Stress testing does not detect anatomical lesions but reflects exercise induced abnormalities that are usu-Wieshammer, Delagardelle, Sigel, Henze, Kress, Bitter, Lippert, Seibold, Adam, Stauch ally linked to an imbalance of oxygen supply and demand. A decrease in ejection fraction or an increase in the filling pressures may indicate functional impairment, but they are not specific for angiographically visible coronary artery disease. A normal angiogram does not necessarily imply normal function and vice versa. Thaulow et al found an abnormal ejection fraction response to exercise in a significant number of patients with normal coronary angiograms and anginal chest pain or positive exercise electrocardiograms.22 They presumed that the abnormal radionuclide findings reflected heart muscle disease at an early stage. We suppose that many of our patients with patent vessels probably also had unidentifiable cardiac disease associated with abnormal function. This population was therefore considerably different from groups of healthy asymptomatic volunteers who are frequently studied to establish the range of the normal response to exercise.1 23 24 The application of diagnostic criteria derived under such biased conditions to the routine patient with chest pain will inevitably be misleading. These criteria have to be defined and validated in a study group that is representative of the population encountered in such a clinical setting. Though five subjects who refused coronary angiography had to be excluded, we are convinced that the remaining patients were representative in terms of prevalence, symptoms, age, and sex distribution of those seen in a major diagnostic centre. A pretest or post-test referral bias7 was avoided. We proceeded to angiography in each patient regardless of whether or not the non-invasive tests were positive. We presume that the fulfilment of this prerequisite for an accurate evaluation of test sensitivity and specificity25 was a major reason why radionuclide ventriculography was found to be less reliable than previously reported. Numerous reports have included patients with a history of myocardial infarction,l 1 29 These data show that the results of studies that include patients receiving beta adrenergic blockade6 11 30 are of questionable value. The relatively high sensitivity and specificity of the clinical assessment of chest pain in our study agree with those reported by others.31 32 The limited predictive power of the ST segment response to exercise is also consistent with previous findings.33 34 The increase in the left ventricular diastolic pressure with exercise has been well documented in patients with coronary artery disease. [35] [36] [37] In the absence of clinical, laboratory, and radiological evidence of pulmonary or mitral valve disease the pulmonary artery diastolic pressure was used to reflect the left ventricular filling pressure. 14 38 39 Our findings indicate that the diagnosis of coronary artery disease cannot be excluded even if the threshold value for the positivity of the diastolic pulmonary artery pressure measurement is lowered to only 20 mm Hg. Two patients who were referred for bypass surgery would not have been diagnosed as having coronary artery disease if the assessment of right heart haemodynamics had been the criterion for proceeding to angiography. The disturbingly low specificity of this procedure is a serious limitation to its use as a screening method for coronary artery disease. Why many of our patients with normal coronary angiograms had a pronounced increase in diastolic pulmonary artery pressure to clearly abnormal values is still unclear. A diminished left ventricular compliance secondary to arterial hypertension cannot account for this finding, since subjects with this problem were excluded from the study. This study was 
